In Brief
By recording from single nerve fibers during motor learning, Dimitriou shows that signals from sensory receptors in human muscle change substantially as a function of learning state. The signals change in a way that can facilitate motor learning, suggesting that improved performance also relies on independent control of sensors, not just of muscles.
SUMMARY
Much has been revealed concerning human motor learning at the behavioral level [1, 2] , but less is known about changes in the involved neural circuits and signals. By examining muscle spindle responses during a classic visuomotor adaptation task [3] [4] [5] [6] performed by fully alert humans, I found substantial modulation of sensory afferent signals as a function of adaptation state. Specifically, spindle control was independent of concurrent muscle activity but was specific to movement direction (representing muscle lengthening versus shortening) and to different stages of learning. Increased spindle afferent responses to muscle stretch occurring early during learning reflected individual error size and were negatively related to subsequent antagonist activity (i.e., 60-80 ms thereafter). Relative increases in tonic afferent output early during learning were predictive of the subjects' adaptation rate. I also found that independent spindle control during sensory realignment (the ''washout'' stage) induced afferent signal ''linearization'' with respect to muscle length (i.e., signals were more tuned to hand position). The results demonstrate for the first time that motor learning also involves independent and state-related modulation of sensory mechanoreceptor signals. The current findings suggest that adaptive motor performance also relies on the independent control of sensors, not just of muscles. I propose that the ''g'' motor system innervating spindles acts to facilitate the acquisition and extraction of task-relevant information at the early stages of sensorimotor adaptation. This designates a more active and targeted role for the human proprioceptive system during motor learning.
RESULTS AND DISCUSSION
Humans adapt their goal-directed movements according to changing conditions in the environment. This requires learning the sensorimotor transformations that link actions and sensory outcomes [1, 2] , such as between movements of the hand and those of a visual cursor. Studies investigating error-based learning have commonly used a paradigm where visual feedback of hand position is rotated. Subject behavior in such tasks has been extensively characterized [3] [4] [5] [6] , but less is known about adaptive modulations in the involved neural circuits and signals. In the case of muscle spindle mechanoreceptors, there are reasons to believe such modulation possible. Although spindles are affected by muscle stretch, their output can also be powerfully controlled by dedicated motor (''fusimotor'') neurons [7] . Over the years, muscle spindles have been proposed to play many roles, such as in reflex motor control [8] , proprioception [9] , and in updating internal models [10] . Still, the influence of independent (''g'') fusimotor neurons on muscle spindle signals has remained unclear [11] [12] [13] [14] , particularly in the context of motor learning. The goal of the current study was to examine the impact of visuomotor learning on proprioceptive afferent output. This was addressed by recording spindle afferent responses from a wrist extensor muscle (extensor carpi radialis [ECR]), while human subjects (n = 11) used their hand to make center-out reaching movements in the well-established visuomotor rotation paradigm ( Figures 1A and 1B) . Figure 1C shows the behavioral responses from a single subject across the entirety of the visuomotor task (96 movements/trials). The top row in Figure 1C represents the executed hand trajectories, and the second row shows the initial directional error (IDE) associated with each trial. As commonly defined, IDE represents the angular difference between the direction subjects should have been moving to (given target location) and the direction their hand was actually moving (calculated at initial peak velocity in each movement). On trial 25, I applied a 45 counter-clockwise rotation of the visual cursor representing hand position. As a result of this visual perturbation, the exemplar subject initially made large errors but gradually adapted to the visual rotation as indicated by the exponentially decaying IDEs over trials 25-48 (''early-exposure'' stage: exponential fit R 2 = 0.6, p < 10
À5
). Between trials 49 and 72 (''lateexposure'' stage), the subject's performance was comparatively stable with relatively low IDEs (R 2 = 0.04, p > 0.05). Upon sudden removal of the visual rotation (trial 73), the subject displayed ''aftereffects'' (i.e., IDEs in the opposite direction), indicating that learning had taken place (exponential fit in ''washout'' stage: R 2 = 0.47, p = 0.002). Equivalent results were found across subjects (i.e., Figure 2 ). The above reflect stereotypical behaviors in such tasks [3] [4] [5] [6] . Figure 1D shows the responses of a primary (''type Ia'') spindle afferent from the ECR muscle during four exemplary single trials from Figure 1C . Despite the presence or not of visual rotation, the afferent was clearly responsive throughout the four stages of the visuomotor rotation task, contrary to some expectations [15] . In addition to any initial bursts associated with muscle stretch early during movement, a state-dependent increase in the background (tonic) firing rate of this afferent could be seen. Specifically, an increase in firing rate was visible in the spike trains at the early-exposure and washout stage ( Figure 1D ), where adaptation (exponential decay of IDE) was evident, compared to when there was no adaptation (i.e., at ''baseline'' and late-exposure stages). Regressions were performed at the level of single afferents in order to determine whether a categorical/dummy variable reflecting the presence or not of adaptation (''adaptation state'') could partially account for the observed afferent firing rates (simultaneously taking into account the effects of other continuous variables, i.e., kinematics and ECR electromyography [EMG] ). Given that kinematics and EMG varied within and across movements and within task stages but the adaptation state variable did not, negligible levels of correlation were observed between this categorical variable and all other predictors (see Supplemental Experimental Procedures for more details). A clear effect of adaptation state was found on spindle firing rate (Figure 3A) , particularly when the regression analyses were confined to the initial block of trials in each task stage (where IDEs are most different across stages; Figure 2 ).
To further validate the effect of adaptation state on afferent output, one data point was generated for each movement per . In addition to any burst of afferent impulses early during movement (in response to muscle stretch), a tonic increase in firing rate was visible at the early-exposure and washout stage where adaptation (exponential decay of IDE) was evident, compared to when there was no adaptation (i.e., at the baseline and late-exposure stages).
variable (e.g., firing rate), by taking the mean value of this variable across a 200-ms window, which started 150 ms after initial peak velocity. For each afferent, the available data points associated with movements to different targets were then collapsed (averaged) across baseline and late-exposure stage, and across early-exposure and washout stage, producing two data points per afferent, per variable (representing the two levels of adaptation state; see Figure S1 for time-varying signals collapsed across movement directions). Using such data, a one-way repeated-measures ANOVA indicated a significant effect of adaptation state on afferent firing rate, with F(1, 11) = 15.2, p = 0.003 (h 2 = 0.58); all 12 afferents (both type ''Ia'' and ''II'') showed an increase in their background firing rate when subjects were adapting ( Figure 3B ). Performing the same ANOVA test for kinematics and EMG indicated no difference due to adaptation state ( Figure 3C ), which was expected given that the analyzed data were collapsed across oppositely oriented movements that resulted in lengthening and shortening of the ECR muscle (see Figure S1 ). To further investigate any specificity in spindle modulation with respect to task stage and/or the kinematic state of the muscle, afferent population responses (across type Ia and II) and the equivalent kinematic and EMG signals were generated for each task stage across two groups of movement directions (associated with muscle lengthening or shortening; Figure 4A ). All grayed background bars in Figure 4A highlight periods of particular interest, and their location was chosen partly for maximizing overlap between relevant kinematic signals. During these periods, there are marked differences in afferent firing rates between task stages, but no corresponding differences in kinematics or EMG. For example, in period 2 (stretch onset; Figure 4A) , there is a clear above-baseline increase in afferent population responses during the early-exposure stage (red trace), despite the virtually identical kinematics across baseline and early exposure. Note that afferent firing rates at the washout stage (blue trace) largely paralleled baseline up to this point. Below, ''early stretch'' is arbitrarily defined as muscle stretch occurring after stretch onset but before peak velocity and ''late stretch'' as that occurring sometime after peak velocity (equivalent labeling is used for muscle shortening). In period 3 (early stretch), there was a marked reduction in firing rates at the washout stage compared to baseline, and the magnitude of this reduction (>1z) could not be attributed to differences in kinematics or ECR EMG. During period 4 (late stretch; Figure 4A ), population firing rates during washout were markedly higher than firing rates in all other task stages. With respect to afferent population responses in early exposure and washout, the opposite pattern is seen during muscle shortening (red versus blue traces, periods 5 and 6, Figure 4A ).
All differences in afferent firing described above were confirmed as statistically significant following one-sample t tests ( Figure 4B ) and could not be attributed to differences in kinematics or EMG ( Figure S2) . Therefore, the differences in afferent signals across task stages are presumed to reflect independent fusimotor control of muscle spindle receptors. In particular, the dissociation between the afferent response profiles in washout and early exposure-despite the same main kinematic and EMG patterns-strongly suggests the presence of independent fusimotor control in this study.
There was some above-baseline increase in firing rate before stretch onset at early exposure (period 1), but this did not reach statistical significance ( Figure 4B ). ''Dynamic'' fusimotor neurons affect primary spindle receptors (i.e., type Ia afferents only) and are known to induce some increase in background firing before stretch. Performing the same analysis using type Ia afferents alone produced a significant result (red > baseline, p = 0.015), but no equivalent pattern was seen for the population of type II afferents ( Figure S3A ; but see also Figure S3B ). The above-baseline responses of single type Ia afferents (averaged across periods 1 and 2) were found to be closely related to the median IDE error experienced by each subject over the initial three trials of the early-exposure stage (r = 0.8, p = 0.018; Figure 4C , top panel). There was no relationship between the above firing rates and mean or median IDE across all relevant trials (r < 0.4, p > 0.35). Taken together, the above suggest that spindle stretch response during early adaptation was partly adjusted according to the subjects' initial experience of error size.
Given the monosynaptic connections of type Ia afferents, one might expect a relationship between the above-baseline type Ia output in periods 1 and 2 and subsequent activity in the spindlebearing muscle. There was no relationship between this type Ia output and ECR EMG during period 3 (early stretch), or during periods 1 or 2 ( Figure S4A ). However, there was a negative relationship between these type Ia responses and subsequent antagonist (flexor carpi ulnaris [FCU]) activity in period 3 ( Figures  4C and S4A) , with the relationship being more precisely identified as occurring 60-80 ms following the end of period 2 (Figure S4B) . A relationship between median IDE and FCU activity in period 3 did not reach significance ( Figure S4C) .
The independent modulation of afferent tonic firing (''bias'') suggests a unique contribution of static fusimotor control toward the overall task (i.e., sensorimotor adaptation), beyond any stretch-reflex contribution to ongoing muscle activity. Indeed, the above-baseline responses of all 12 afferents in periods 4 and 6 (over the initial block of trials in early exposure) were found to be predictive of individual learning rates calculated across the entirety of the early-exposure stage ( Figure 4D) ; equivalent values for kinematics and ECR EMG had no relationship with 
. Visuomotor Adaptation across Subjects
The mean initial directional error (IDE) across individuals with whom a single spindle afferent was recorded. Shaded colored areas indicate ±1 SEM. Exponential curves could significantly account for most of the progression of mean IDE across trials in the early-exposure and washout stages of the task, but no such fit was possible in the baseline and late-exposure stages of the task.
learning rates ( Figure S4D) . Moreover, the time-varying injection of static fusimotor drive during the washout stage (Figures 4A and 4B) appears to dramatically improve the spindle population's ability to encode muscle length changes (i.e., ''linearized'' the afferent signal with respect to muscle length). Specifically, during ECR lengthening ( Figure 4E , left panel), there was no correlation between muscle length and afferent firing rates in the baseline stage (gray dots), early-exposure stage (red dots), or late exposure (orange dots), but there was a significant linear relationship between muscle length and afferent firing rates in the washout stage (blue dots; r = 0.87, p = 0.002). Note that there are no fundamental differences in the kinematic and EMG patterns across the four stages of the task; this linearization effect stems directly from the impact of fusimotor control during the washout stage: decreasing afferent responses during early stretch and increasing these during the latter parts of muscle stretch ( Figure 4A, left) . During reaching movements characterized by ECR shortening ( Figure 4E , right panel), there was a strong linear relationship between afferent firing rates and muscle length in the washout stage (blue dots; r = 0.97, p < 10 À5 ), whereas no correlation was evident in the early-exposure stage or late-exposure stage. There was such a correlation in the baseline stage (r = 0.73, p = 0.017), but it was significantly weaker than the one observed in washout (r washout > r baseline, p = 0.045).
The current results demonstrate state-dependent modulation of spindle sensory signals during active goal-directed movement (e.g., Figures 3B, 4A , and 4B). Since much of the modulation was tonic, common to type Ia and type II afferents (e.g., Figure S3B ) and independent from time-varying muscle activity, this strongly suggests state-dependent activation of ''static'' g motor neurons. Evidence of dynamic g activity is also presented (e.g., Figure S3A) . The state-dependent modulation of afferent signals is most supportive of the ''fusimotor set'' hypothesis [16] , which also asserts that fusimotor output is adjusted according to perceived task novelty or difficulty (or general subject ''alertness''). Learning a new task is naturally associated with perceptions of novelty/difficulty. Because of this, one may argue that arousal (cognitive or otherwise) should increase roughly in line with all of the above (provided the individual is engaged) and perhaps represents the true instigator of increased spindle tonus and stretch response in the early-exposure stage ( Figures 4C  and 4D) .
According to the current findings, independent control of spindle sensors (whatever the effect) occurs when subjects are in a state of adaptation ( Figures 3B, S1 , 4A, and 4B). Being in a state of sensorimotor adaptation involves many modes of deviation from the baseline case: an increased sense of novelty and task difficulty, increased effort and arousal, inaccurate internal models in the CNS that produce erroneous motor commands and require substantial updating (e.g., [1, 2, [17] [18] [19] [20] [21] [22] ). However, the dissociation between the firing rate profiles of washout and early-exposure stages (despite the same fundamental kinematic and EMG patterns) suggests that fusimotor control is more in tune to task state (requirements) than to the subjective state of the individual, e.g., in terms of perceived task difficulty (which should be reflected in the magnitude of qualitatively similar fusimotor effects).
Specifically, in the early-exposure stage there is an increase in spindle sensitivity to stretch (period 2; Figures 4A and 4B) , presumably for reflexively controlling online force production (curb A B C Figure 3 . Factors Influencing Spindle Afferent Output in the Visuomotor Learning Task (A) Normalized regression coefficients (beta) averaged across afferents (n = 12; one regression performed per afferent). In addition to the continuous variables representing muscle length, its derivatives and ECR EMG (known predictors of muscle spindle output), a categorical/dummy variable representing adaptation state was also used as a predictor (i.e., baseline and late-exposure stages assigned a value of 0, whereas early-exposure and washout stages were assigned a value of 1). The data of continuous variables used in the regression analyses were generated directly from raw data (of the kind displayed in Figure 1D ) using a moving-average window of 50 ms, with sampling covering a period 100 ms before the onset of movement until 100 ms after movement cessation. The schematic (inset) below indicates the movement directions included in the regression analyses (six of eight; correspond to substantial lengthening or shortening of the ECR muscle).
(B) Normalized (z-transformed) afferent firing rates, collapsed across movement directions and task stages (baseline and late exposure versus early exposure and washout; see also Figure S1 ). Individual lines represent relevant single afferent data.
(C) There was no effect of adaptation state on normalized EMG and kinematic variables, indicating that the effect of adaptation state on afferent signals was not epiphenomenal to differences in kinematics or skeletomotor activity in the spindle-bearing ECR muscle. Throughout, error bars represent 95% confidence intervals. See also Figure S1 . ). The apparent control of spindle sensors during washout therefore induced linearization of their afferent signal with respect to muscle length. As expected, the linearization effect came at the cost of velocity encoding: in contrast to the other stages of the task (i.e., all p < 0.05), there was no significant relationship between afferent firing rates and muscle velocity in the washout stage (muscle lengthening: r = 0.39, p = 0.27; muscle shortening: r = 0.32, p = 0.36). See also Figures S2-S4. the activity of the prime mover, 60-80 ms after; Figure S4B ). When visual rotation is present, internal models have less to directly learn from proprioceptive information (i.e., in terms of making predictions concerning the position/direction of the visual cursor). In the washout stage, however, proprioceptive feedback is directly reflective of the task-relevant consequences of the motor commands. That is, proprioceptive information about movement direction and position of the hand is congruent with the direction/position of the visual cursor. Through independent fusimotor control, the nervous system apparently facilitates the task relevance of spindle output (signal tuning/linearization with respect to muscle length, i.e., hand position; Figure 4E ). In turn, this more position-tuned signal should facilitate the update of internal models. Indeed, the effective extraction of information is put forward as one of the main components of human motor learning [2] . The enhanced signals available to the CNS during washout may have contributed toward the faster error decay (steeper error decay curve) observed in this stage compared to early exposure (i.e., blue versus red curve, Figure 2 ). Lengthtuned spindle signals should also promote the online (''reflex'') control of limb position. As fusimotor effects such as linearization did not occur in baseline (or late exposure), one can assume that independent spindle modulation was diminished in cases where the system was satisfied with its own internal predictions. The current findings are also directly supportive of the view that the ''unlearning'' process (i.e., washout) involves active update of internal models rather than just memory decay [23] .
The current findings are supportive of state-dependent control of spindles irrespective of muscle activation levels (e.g., Figures  3B and 3C ). However, it should also be emphasized that muscle spindles are multifunctional [12, 14] and likely to accommodate alternative fusimotor control schemes in different contexts [11, 13, 24] . The various contrasting hypotheses on the role of muscle spindles and the fusimotor system can be generally placed in two categories: those that claim a rather close link between fusimotor and ''regular'' skeletomotor muscle activity, and those that claim fusimotor independence (see, e.g., for a review [13, 25] ). The most well-known model of fusimotor control according to the former camp is based on the ''a-g co-activation'' hypothesis [7, 24] . In the most popularized version of this, efferent fusimotor activity occurs the same time as skeletomotor activity in order to prevent muscle spindle slackening. Fusimotor co-activation thereby maintains spindle responsiveness to muscle stretch. However, it has been recently suggested that spindle output may also be negatively related to antagonist muscle activity; that is, when moving against known mechanical loads, spindle ''gain'' to stretch seems to depend on the balance of activity across an antagonistic muscle pair [11] , rather than the activity levels of the spindle-bearing muscle alone, as claimed by a-g co-activation [7, 24] . In this context, it is interesting that the current study demonstrates a relationship between increased spindle responses to stretch and ongoing activity in the antagonist (prime mover), rather than with activity in the spindle-bearing muscle itself ( Figures 4C, S4A, and S4B) .
Although the ''antagonistic muscle balance'' hypothesis [11] can possibly account for spindle sensory output when compensating for mechanical loads, this control scheme makes no predictions concerning spindle output during learning as such (e.g., when adapting to a novel kinematic transformation). Similarly, as with a-g co-activation [7, 24] , the antagonistic muscle balance hypothesis does not justify the need for an independent fusimotor system. That is, rigidly a-linked fusimotor activity may well originate from b efferents [26, 27] , which are collaterals of a motor neuron axons. From what little is known, these motor/fusimotor (skeletofusimotor) hybrid neurons seem to be part of even basic peripheral circuits, such as those giving rise to the monosynaptic stretch reflex [28] , opening up the possibility for their peripheral reciprocal inhibition as well. A single mammalian spindle can receive both b and g innervation, although g motor neurons outnumber b. At least in some mammalian muscles, about 33% of efferent motor axons give out a b branch [27] and about 75% of spindles are b-innervated [26] . b motor neurons are also found in lower vertebrates (e.g., amphibians and reptiles), but only mammals have g neurons [7, 29] ; therefore, this independent motor supply to spindles must represent some evolutionary advantage. Given the scarcity of data on how the nervous system chooses to use the ability to independently control spindles, it has been unclear what this mammalian privilege really entails. Here, I demonstrate independent and task-relevant modulation of spindle sensory signals during visuomotor adaptation. In addition to cross-modal processing [30] in the intact human, the current findings therefore suggest a more active and targeted role for the proprioceptive system during motor learning. 
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